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containing such a linkage is lactose, a sugar present in milk and whey. Accordingly, the major 10 applications of β-D-galactosidase (β-Gal) would be related to processing of lactose-containing 11 products [1] . Manufacture of lactose-free milk and dairy products is important to allow 12 consumption of such foods for people (especially children) with intestinal lactase deficiency, 13 resulting in lactose intolerance [2] . Another important outcome of lactose hydrolysis is the 14 increased sweetness and solubility of the resulting monosaccharides, which can generate new 15 applications, especially for whey, obtained in large amount as a by-product of the cheese industry 16 [3] . 17
Although β-Gal has many applications in the food industry, the moderate stability of this enzyme 18 is the main inconvenience which hindered its utilization as a biocatalyst on industrial scale. circulans was immobilized by multipoint covalent attachment on macro-mesoporous silica 7 supports activated with glyoxyl groups [10] . Acrylic supports holding epoxy groups, Eupergit 8 and Sepabeads, were used for immobilization of β-Gal from Bacillus circulans as well, with 9 alkaline incubation and reaction with β-mercaptoethanol or glycine as post-immobilization 10 treatments to increase the thermal stability of the preparates [11] . Glutaraldehyde-activated 11 chitosan was another important support, used for covalent immobilization of β-Gal from 12
Kluyveromyces lactis [12] and Kluyveromyces fragilis [13] , having the advantage of non-toxicity 13 and biocompatibility. Multi-walled carbon nanotubes were also functionalized with 14 glutaraldehyde in order to increase the bound enzyme amount [14] . The possible disadvantages of 15 these methods are related with the lower mechanical resistance of the organic supports, leading to 16 decrease of the stability of the biocatalyst, particularly at repeated use. Resistance to abrasion (for 17 batch reactors) and flow pressure (for continuous reactors) is an important characteristic of the 18 support material and could significantly influence the operational stability [15] . Another 19 drawback could be the restricted mobility of the enzyme, due to the multipoint covalent bonding 20 with the support, while in case of immobilization by adsorption the enzyme leakage is usually the 21 main problem. 22
In recent years, encapsulation of enzymes in inorganic sol-gel matrices emerged as one of the 23 most promising immobilization techniques. The fact that brought to this consequence was the 24
Gal from Kluyveromyces lactis (Maxilact LX 5000) was a kind gift from DSM (Delft, The 1 Netherlands). 2
Activity assay of native β-Gal 3
The activity of β-Gal was determined based on the colorimetric method using o-nitrophenyl-β-D-4 galactopyranoside (ONPG) as artificial substrate, when ONP and D-galactose are formed in the 5 presence of the enzyme [22] . 6
In a 4 ml glass cuvette, 2.6 ml potassium phosphate buffer 0.02 mol/L, pH 7.5, 100 µl enzyme 7 (100 U) and 300 µl ONPG 30 mmol/L were mixed. The absorbance was measured at 420 nm 8 after 30 sec with an UV-VIS spectrophotometer (JASCO V530). One enzymatic unit U represents 9 the amount of enzyme which transforms one µmol ONPG in one minute (µmol min -1 ml native 10 enzyme -1 ). 11
Protein content determination 12
Protein concentration was determined by using Bradford dye binding assay [23] and BSA as 13 standard. The sample (25 µl) was mixed with 750 µl Bradford reagent and the absorbance at 595 14 nm was measured after 15 min of incubation at 25ºC. Calculation of the protein concentration 15 was done using the BSA calibration curve in the range of 0-0.9 mg/ml. 16 The entrapped protein amount was calculated as the difference between the initial protein 17 subjected to immobilization and the protein remained in the supernatant after immobilization. 18
β-Gal immobilization by sol-gel entrapment 19
The sol-gel entrapment protocol was based on a previously published methodology [24] . In a 4 20 ml glass vial β-Gal solution (600 µl, 200 U), 1M NaF (100 µl), and isopropyl alcohol (200 µl) 21
were mixed (magnetic stirring, 600 rpm). When the influence of additives was investigated, 200 22 µl 4% (w/v) solution of the additive (PEG 4000, PEG 20000, PVA, β-cyclodextrin, D-glucose or 23 sorbitol, respectively) were added to this mixture. Then the silane precursors mixture (at differentmolar ratios, total amount of 6 mmol) was added and the mixing continued at room temperature 1 until the gelation was started. Excepting the enzyme loading study, the enzyme/silane ratio was 2 maintained in all immobilization experiments at the same value, 4.08 mg protein mmol -1 . The gel 3 was kept 24 h at 4ºC to complete polymerization and then the bulk gel was washed to eliminate 4 unreacted monomers and additives with Milli-Q (Millipor Corp., USA) water (10 ml), isopropyl 5 alcohol (5 ml) and n-hexane (5 ml) and dried in a vacuum oven at 25ºC for 24 h. The sol-gel 6 encapsulated enzyme was crushed in a mortar and kept in a closed vessel at 4ºC. 7 2.5. Activity measurement of sol-gel immobilized β-Gal 8 2.5.1. Hydrolysis of the ONPG substrate 9
In a 2 ml Eppendorf tube 5 mg of immobilized enzyme and 1.80 ml potassium phosphate buffer 10 0.02 mol/L, pH 7.5 were added and mixed for 20 min with 300 rpm, using a magnetic stirrer 11 (Schott Instruments, Germany). The reaction was started by adding 200 μl solution of ONPG. 12 after 10 min the absorbance at 420 nm was determined. The activity was calculated based on the 13 amount of ONP formed calculated from the calibration curve of ONP at pH 7.5. 14 One enzymatic unit U represents the amount of enzyme which transforms one µmol ONPG in 15 one minute (µmolmin -1 g -1 immobilized enzyme). 16
Hydrolysis of the lactose substrate 17
The hydrolysis reaction was carried out in 0.02 mol/L potassium phosphate buffer pH 7.5 at 18 30ºC, 300 rpm, adding 600 mmol/L lactose and 5 mg sol-gel preparate. 50 μl samples were taken 19 hourly up to 8 hours. The amount of hydrolysed lactose was quantified as glucose release. 20 D-Glucose in the presence of D-galactose was measured in each sample spectrophotometrically, 21 using the coupled enzyme assay with GOD and POD [25] . The reaction mixture consisting of 920 22 µl potassium phosphate buffer 0.1 mol/L pH 7.5, 160 µl phenol solution (0.128 mol/L), 160 µl 4aminoantipyrine solution (4AAP) (20 mmol/L), 160 µl POD (1mg/ml), 80 µl GOD (5 mg/ml), 1 and 100 µl reaction sample was incubated at room temperature for 1 h (protected from light), 2 then the absorbance was determined at 505 nm. Glucose concentration was determined based on 3 a calibration curve, in the concentration range 0.5-5 mmol/L. 4
All experiments presented in sections 2.2 -2.5 were performed at least in duplicate. The results 5 are presented as mean values and the standard errors were less than 3%. 6 2.6. Characterization of the immobilized β-Gal 7 2.6.1. Scanning electron microscopy (SEM) 8 Dried particles were stuck onto the grid, vacuum-coated with a mixture of gold and palladium for 9 3 min, and examined for morphology using a Philips XL30 environmental scanning electron 
Influence of enzyme loading 20
The correlation between the catalytic activity and the protein amount subjected to immobilization 21 was examined by immobilizing 600 μl solution of the native enzyme with different quantities of 22 protein varying between 25-60 mg/ml, as described in section 2.4. 23
Stability studies

pH profile of native and immobilized enzyme 1
The pH profile was investigated by incubating the native (200 U) or the immobilized (5 mg) 2 enzyme in 1 ml 0.02 mol/L universal buffer, at pH ranging from 5.5 to 11. The activity was 3 determined as described in sections 2.2 and 2.4, respectively. 4
Thermal stability of native and immobilized enzyme 5
Thermal stability was evaluated by incubating the native (200 U) and immobilized (5 mg) 6 enzyme in 0.02 mol/L potassium phosphate buffer pH 7.5 at 30°C, 40°C, and 50°C. Samples 7 were taken every 30 min up to 4 h and the activity was assayed as described at sections 2.2 and 8 2.4. 9
Reuse of the biocatalyst 10
The activity of immobilized β-Gal was determined after repeated reaction cycles. The studies 11
were performed by using 10 mg sol-gel entrapped β-Gal and the concentrations of the artificial 12 and natural substrates were 3 mmol/L ONPG and 60 mmol/L lactose, respectively. The activity 13 was determined based on the product formation, ONP and D-glucose, respectively, as previously 14 described. After each use the immobilized enzyme (sol-gel entrapped β-Gal) was separated by 15 centrifugation for 7 min, 5000 rpm. The unreacted substrate was eliminate by several washes 16 with a total volume of 2 ml potassium phosphate buffer 0.02 mol/L, pH 7.5, and the biocatalyst 17 was reused in the same reaction conditions. 18
Storage stability 19
The storage stability was evaluated by storing the native (200 U) and immobilized enzyme for 20 20 days at room temperature (25°C) and at 4°C, respectively. The activities were measured at 21 different time intervals, as described in sections 2.2 and 2.4. 22
Results and discussion 23
Influence of the structure of silane precursors on the activity of immobilized β-Gal
As discussed in the Introduction part, the nanostructure of the sol-gel materials obtained from 1 alkoxysilane precursors is highly dependent on the precursor nature and the process parameters. 2 Several reports, starting with the pioneering work of the Reetz group [23] demonstrated that the 3 presence of organic groups in the matrix influences not only the texture and porous structure, but 4 can also lead to specific interactions that improve the catalytic properties. However, such an 5 interaction is extremely difficult to be predicted and the optimal silane precursor system must be 6 found for each enzyme. 7
We studied the influence of the silane precursor structure on the immobilization efficiency of β-8
Gal by using methoxysilane precursors, ethoxysilane precursors and mixture of methoxy and 9 ethoxysilane precursors, in different molar ratios. Tetramethoxysilane (TMOS), propyl-10 trimethoxysilane (PrTMOS), isobutyl-trimethoxysilane (iBuTMOS) and dimethyl-11 dimethoxysilane (DMeDMOS) were used as methoxysilane precursors, while tetraethoxysilane 12 (TEOS) and methyl-trimethoxysilane (MeTEOS) were the employed ethoxysilane precursors. As 13 it was expected, the activity of β-Gal was significantly affected by entrapment in sol-gel matrices 14 obtained by different combinations of these precursors. Surprisingly, activity was not detected in 15 any of the sol-gel immobilized β-Gal preparates obtained from methoxysilane precursors (Table  16 1). TMOS undergoes a more rapid hydrolysis than TEOS and results in a more compact structure. 17
Most probably, the access of the substrate was sterically hindered following the entrapment. 18
Utilization of a mixture of TMOS or TEOS and an alkyl trialkoxy silane as precursor leads to 19 increased hydrophobicity of the matrix and higher alkyl group content, resulting in larger pore 20 diameter, with a broader distribution [26] . However, precursors holding longer alkyl chains (n-21 butyl and isobutyl) were again not effective for the sol-gel entrapped β-Gal (data not presented in 22 Table 1 ). The same inactivation effect was previously observed in case of lipases, but the increase 23 of the alkyl group content led to a spectacular improvement of activity [27] . The differentbehavior of β-Gal is probably due to structural differences between the enzymes, particularly 1 concerning the active site. The high hydrophobicity of the matrix, which can also hinder the 2 access of the aqueous substrate solution to the catalytic site, is another possible explanation. 3
The activity values presented in Table 1 were improved by the presence of TEOS as silane 4 precursor in the sol-gel matrix formation, as the substrate access in the catalytic site of the 5 enzyme was probably favored by the porous structure or the lower hydrophobicity of the matrix. 6
The reactivity of TEOS in the hydrolysis and condensation reaction is not so high, consequently 7 not all Si-OH groups formed during the hydrolysis are involved in the condensation reactions 8 throughout the gelation process, leading to a more hydrophilic matrix. 9
In the next step, the possible increase of the activity of TEOS-based gels by adding silanes with 10 covalently linked alkyl groups in the precursor mixture was investigated. Three different silane 11 precursors, dimethyldimethoxysilane (DMeDMOS), methyltriethoxysilane (MeTEOS), and 12
methyltrimethoxysilane (MeTMOS) were tested at 1:1 molar ratio to TEOS. Utilization of 13
DMeDMOS and MeTEOS resulted in xerogels with lower activity compared to those based only 14 on TEOS (Table 1 , entries 5 and 6, respectively), while precursor mixtures from MeTMOS and 15 TEOS led to inactive preparates (Table 1 , entries 4 and 8, respectively). The increase of the 16 relative amount of TEOS in the sol-gel matrices was beneficial for β-Gal immobilization 17 efficiency (Table 1 , entries 9 and 10, respectively), but a higher relative content of methyl groups 18 had a reverse effect (Table 1, To investigate the effect of the nature of silane precursors on the morphology of the immobilized 1 preparates, scanning electron microscopy (SEM) was used to provide information about the 2 microstructure, porosity and texture of materials. 3
The SEM micrographs of immobilized enzymes in sol-gel matrices of methoxysilane and 4 ethoxysilane precursors are presented in Fig. 1 . 5
The structures can be correlated with the activity of the biocatalyst. The SEM image of the 6 entrapped β-Gal in a sol-gel matrix obtained from methoxysilane precursors (Fig. 1a) shows that 7 the nanoparticles are structured in large and irregular compact blocks and the enzyme is probably 8 entrapped inside these structures. Consequently, the access of substrate to the catalytic center of 9 enzyme is impeded, resulting the decrease or absence of the enzymatic activity. The SEM 10 micrograph of the β-Gal entrapped in sol-gel matrix obtained from ethoxysilane precursors (Fig.  11   1b) shows a more porous structure, which explains the higher catalytic activity of this biocatalyst. Fig. 2 show that  19 the activity of the immobilized enzyme increased at higher relative amount of TEOS in the silane 20 mixture up to 9:1 molar ratio. Consequently, the decrease of the matrix hydrophobicity was 21 beneficial for the activity until an optimal value. At molar ratio higher then 9:1 the activity was 22 dropped off, even though it remained higher than the activity of the preparate with only TEOS as 23 the formation of the gel matrix due to chain elongation of the silane precursors resulting in a 1 matrix with larger pores which allows better conformational stability of the enzyme and permits 2 the access of the substrate to the catalytic centre. Increasing the alkyl group content above the 3 critical value can hinder the access of water-soluble substrates to the catalytic center due to the 4 hydrophobicity of the sol-gel matrix. 5
Using MeTEOS, a triethoxy silane precursor with methyl nonhydrolyzable group, a similar 6 tendency of the activity was observed (Fig.3.) . Increasing methyl group content in the sol-gel 7 matrix resulted in higher activities up to 7:1 TEOS:MeTEOS molar ratio, but beyond this value 8 the activity was gradually diminished, resulting an almost Gaussian profile. The main difference 9 compared to the previously studied alkyl-holding precursor was the approx. 3 folds higher value 10 of the activity of the immobilized enzyme, demonstrating the significant role of the structure of 11 the silane precursor in the formation of a sol-gel matrix appropriate to confine the enzyme. 12
Alongside the porous structure of the matrix, this difference of activities can be also explained by 13 the higher hydrophobicity of the matrix obtained with DMeDMOS precursor. Consequently, the 14 careful selection of the silane precursor and the fine tuning of the relative content of the 15 hydrophobic alkyl group allowed the selection of the optimal precursor system for this enzyme. 16 The highest activity value, 84 units/g preparate represents an excellent result. 17
In order to determine the morphological structure of the sol-gel immobilizates, transmission 18 electron microscopy (TEM) was used to provide information about size and morphology of 19 particles (Fig. 4.) . The TEM images indicate the amorphous nanostructure of the sol-gel 20
immobilizates. The data suggest the formation of nano-aggregates involving several nanoparticles 21 that could be formed at several levels of the polymerization process in which the silica matrix is 22
formed. Another explanation is the possibility of polymer-bridging between neighboring 23 particles, when the average end-to-end distance of the polymer exceeds that of the circumference 1 of the nanoparticles, leading to the formation of these nano-aggregates. 2
Nitrogen adsorption-desorption isotherm of the same preparate (Fig. 5) is of type II according to 3 the IUPAC classification albeit presence of micropores (of width <2 nm) and slight mesopores 4 (approximate range of 2-50 nm) are unambiguous. The isotherm rises sharply at low relative 5 pressure where the micropore filling occurs in the precapillary condensation range. The 6 conclusion is that micropores are present along with some mesopores. 7
The calculated values of surface area and pore dimension are presented in Table 2 . 8
Mesopores are present, but not in significant amount, therefore the material can be considered 9 mainly as microporous, with an average diameter of micropores of 1.5 nm. 10
Influence of nature of additives on the activity of immobilized β-Gal 11
Several previous reports stated that the presence of an additive, mainly a polyhydroxylic 12 compound, in the structure of the sol-gel matrix can improve the porosity of the support and the 13 conformational flexibility of enzyme, but these results were valid particularly for lipases [28] . 14 The effect of polyhydroxylic compounds added during the sol-gel entrapment of β-Gal was not 15 yet investigated, but they were considered useful for other enzymes, as glucose oxidase As shown in Fig. 6 ., PEG 4000 led to the highest value of immobilized β-Gal activity, which was 22 comparable with the activity of the additive-free sol-gel entrapped enzyme. The utilization of 23 polyhydroxylic additives did not result in increase of the activity. The explanation is that thecommercial β-Gal from Kluyveromyces lactis (Maxilact LX 5000) contains approx. 50% 1 glycerol, a common stabilizing agent for multimeric enzymes in liquid enzyme formulations, for 2 repressing microbial growth and formation of protective shells that prevent unfolding processes. 3 Therefore, all immobilization mixtures implicitly contained a polyhydroxylic compound 4 (glycerol) which was involved in the sol-gel formation. Rao and Kulkani reported that addition of 5 glycerol as drying control chemical led to narrow and more uniform pores in case of silica 6 aerogels derived from TMOS and MeTMOS [31] . The presence additives could be important to 7 obtain a desired pore size and improve the mechanical properties of the formed gels, but their 8 effect on the activity is ambiguous and specific for every enzyme. As an example, glucose was 9 found as competitive inhibitor of β-Gal from Kluyveromyces lactis [32] . This can explain the 10 lower activities in presence of glucose and glucose derivatives, compared to other additives (Fig.  11 
5). Neri et al. immobilized β-Gal from Aspergillus oryzae on magnetic polysiloxane-polyvinyl 12
alcohol, thus using polyvinyl alcohol not as additive but component of the immobilization matrix 13
[33]. Our study revealed that in the implicit presence of the glycerol from the commercial 14 enzyme formulation, supplementary polyhydroxylic additives had no increasing effect on the 15 activity of sol-gel immobilized β-Gal. 16 Although the activity was not increased, the additive had positive effect on the porous structure 17 of the sol-gel preparate, demonstrating the dispersant properties of the additive. The SEM 18 micrograph of the sol-gel matrix without additive (Fig. 7a) showed a less uniformly distributed 19 structure and lower porosity than in the case of the sol-gel preparate with additive (Fig. 7b) . 20
Influence of enzyme loading on the activity of sol-gel immobilized β-Gal 21
High enzyme loadings are required for application of immobilized biocatalysts in the large-scale 22 production of industrial and consumer products. As the presence of underused biocatalyst results 23 in lower activity, the maximum amount of enzyme that can be loaded in a support withoutdiffusion limitations must be determined, to ensure an optimal enzyme loading of the 1 immobilized biocatalyst [34] . Another possible drawback at high enzyme loading could be the 2 self-aggregation of the enzyme molecules, even if sol-gel immobilization is considered better 3 than other encapsulation methods [19] . 4
The optimal amount of the loaded protein was determined within the sol-gel matrix obtained 5 from TEOS and MeTEOS, at 7:1 molar ratio, using five preparates at increasing protein 6 concentrations, in the range of 4-10 mg protein/mmol silane (Table 3) . Although the protein 7 immobilization yield was high in all experiments, the activity was not proportionally correlated 8 with the immobilized protein amount. The activity decreased at protein loadings higher than 100 9 mg g -1 , but the obtained values were only slightly different (less than 7%) in a relatively wide 10 range, between 65 and 130 mg g -1 . Admitting that sol-gel entrapment usually prevents 11 aggregation of the enzyme, the decline of activity at higher enzyme loading can be explained by 12 the mentioned diffusion limitations. Nichele et al. also noticed that in the case of β-Gal 13 immobilization in TEOS monolithic gels the best activity of the enzyme/silica gel composite was 14 achieved at an intermediate amount of entrapped protein [20] . 15
Reproducibility of the immobilization method 16
In order to evaluate the reproducibility of the immobilization method, the same procedure was 17 performed in the same conditions, using TEOS and MeTEOS as silane precursors at 7:1 molar 18 ratio, as described in section 2.4. The results presented in Table 4 indicate an excellent  19 reproducibility. 20
The main values were 373.64 ± 4.93 mg for the mass of the encapsulated enzyme (standard 21 deviation ± 1.32%) and 83.15 ± 1.07 U min -1 for the activity of the immobilized enzyme 22
(standard deviation ± 1.30%). 23 3.6. Characterization and stability of the immobilized enzymes3.6.1. pH profile of native and immobilized β-Gal 1 pH is one of the most important parameters for enzymatic activity, which can be inhibited at 2 extreme pH values, because the ionic state of amino acids that form the enzyme active site could 3 be affected. Moreover, the protein structure may suffer general unfolding leading to complete 4 inactivation. Usually, native enzymes present activity in a narrow pH range, but this 5 inconvenience could be improved by immobilization [35, 36] . The sol-gel entrapped enzyme was 6 more stable at higher pH values (Fig.8) . A shift in optimum pH value from 7.5 to 8.0 was 7 observed and the sol-gel entrapped β-Gal showed clearly higher activity in the pH range 8.0 -9.0. 8 A similar shift of the optimal activity to the basic region was reported by Song et al. when β-Gal 9 from Kluyveromyces lactis was covalently immobilized on the silica gel surface by 10 glutaraldehyde as linker [37] . Immobilization usually results in shift of optimum pH due to 11 conformational changes in enzymes. This shift in optimum pH could result from the change in 12 acidic and basic amino acid side chain ionization in the microenvironment around its active site. 13
[38]. Kobayashi and Laidler [39] stated that immobilization of an enzyme does not bring any 14 change in optimum pH when the charge on the matrix used for immobilization is nil and 15 diffusional effects are negligible. Since sol-gel matrices do not have any charge, the shift of the 16 optimum pH of the immobilized β-Gal by 0.5 pH units to the basic region could be assigned to 17 diffusional effects. 18
Thermal stability of native and immobilized β-Gals 19
The activity of enzymes, except thermostable enzymes, is usually decreasing or is completely lost 20 with increasing of operation temperatures, due to the irreversible conformational changes at 21 tertiary structure level [40] . Thermal inactivation represents one of the major impediments for 22 biocatalyst uses in industry. In several cases the thermostability of enzymes was improved by 23 immobilization. In order to evaluate the temperature effect of immobilized enzyme, nativeenzyme and sol-gel entrapped β-Gal were incubated in 0.02 mol/L potassium phosphate buffer 1 pH 7.5 at increasing temperatures, in the 30-60°C range. Incubation time was 4h for the native 2 enzyme, and 8 h for immobilized β-Gal. The activities, assayed for the ONPG substrate at pH 3 7.5, were expressed as percentage of the initial activity value. The results from Fig. 9 show that 4 the bio-functionality of β-Gal has been improved by immobilization. 5
While the native enzyme at 50ºC was completely inactivated after 2 h (Fig.9a) , no lost in activity 6 was observed for the encapsulated enzyme (Fig. 9b) . At 60ºC, the entrapped enzyme activity 7 decreased only after 4 h of incubation (Fig. 9b) . These results confirmed once again that 8 encapsulation in sol-gel matrices preserve the enzymatic activity at higher temperatures and 9 improves the thermostability. It was also demonstrated that sol-gel entrapment can led to higher 10 thermal stability compared to adsorption or covalent binding. β-Gal from Aspergillus oryzae 11 immobilized by adsorption onto native zinc oxide particles and ZnO-nanoparticles exhibited 62% 12 and 55% of the initial activity after 2 h incubation at 60°C, respectively [41], while β-Gal from 13
Kluyveromyces lactis covalently immobilized to functionalized silicone retained 47% of its initial 14 activity after 8 h incubation at 35°C [9] . 15
Distribution of the immobilized β-Gal inside the matrix 16
The protein labeling with FITC is based on the reaction of the isothiocyanate group with a 17 primary amino, imidazolyl, sulfhydryl, tyrosyl or carbonyl free group from the protein structure. 18
However, only derivatives with primary amino (e.g. lysine) groups display stability [42, 43] . 19
The distribution of the enzyme in the sol-gel matrix was evaluated by fluorescence confocal 20 microscopy. The native protein was tagged with FITC as described in section 2.11, and the 21 unreacted FITC was removed by several washes with potassium phosphate buffer. The labeled 22 enzyme was immobilized by sol-gel entrapment in the same way as the non-labeled one. 23 β-Gal-FITC inside the sol-gel matrix (Fig. 10) for cost-effective use of the enzyme in repeated batch or continuous systems. 10
In this study the effect of reuse on the immobilized enzyme activity was studied for ONPG 11 hydrolysis and also for the hydrolysis of the natural substrate of β-Gal, lactose, to evaluate the 12 catalytic performance of the immobilized product in view of a possible scaling-up. After each 13 reutilization, the immobilized enzyme was recovered by centrifugation and used for the same 14 reaction, in the conditions stated in section 2.12. The results, shown in Fig. 11 , indicate a 15 decrease in the enzymatic activity of sol-gel entrapped β-Gal to 70% of the initial value after the 16 first utilization for the ONPG substrate, but no further activity decrease after the next five uses. 17
Quite similar results were observed for the lactose substrate, about 40% activity loss after the first 18 utilization and no further decrease after the next five uses. 19
Stabilization of the activity of covalently immobilized β-Gal from Kluyveromyces marxianus at 20 about 40% of the initial activity for several batches in the lactose hydrolysis process was reported 21 by other authors [44] . The loss of activity in the first reaction cycle can be assigned to several 22 factors, most probably the loss of the enzyme that was not well entrapped, being immobilized 23 only by hydrogen bonding or hydrophobic interactions. Other possible explanations could be 1 protein conformational changes or steric hindrances that result after the first reaction cycle. 2
Storage stability 3
This experiment was conducted to determine the storage stability of both the native enzyme (in 4 potassium buffer, 0.02 mol/L, pH 7.5) and the sol-gel entrapped β-Gal (as powder). In order to 5 evaluate the storage stability, two different temperatures were selected, 4ºC and 25ºC. The 6 activity of the immobilized enzyme as well as native enzyme was determined by using ONPG as 7 substrate after 5, 10, 15, and 20 days, respectively. These studies would help to assess the 8 viability of the enzyme after storage. 9
The activity of native β-Gal decreased with 35% at 25ºC after 20 days of storage, while in case of 10 the sol-gel entrapped enzyme more than 80 % of the initial activity was retrieved after 20 days 11 (Fig. 12) . After 20 days of storage at 4ºC the relative enzyme activity was higher than 90% for 12 both native and immobilized β-Gal (data not presented in Fig. 12 ). These results are again better 
